I. INTRODUCTION
Global warming and the depletion of the ozone layer in the stratosphere caused by greenhouse gas (GHG) emission are two tremendous issues all the world face. Ref [1] . Agricultural activities contribute to approximately 70% of global atmospheric input of N 2 O and 40% of global atmospheric input of CH 4 . Ref [2] . Of particular concern is that rice is a major food crop for nearly half of the world' population. Ref. [3] Seasonally flooded rice paddies are responsible for roughly 10% of total global methane emissions to atmosphere, Ref. [4] representing a significant source of about 40Tg CH 4 yr -1 . Ref. [5] , [6] . Numerous field studies and modeling work have shown that water management holds significant influence on GHG emission and rice yields during rice growing season.
Ref. [7] China is the primary rice production country in the world. Ref. [8] Mid-season drainage (MSD) was initiated in rice farming in northeastern China in the early Manuscript received February 5, 2015; revised July 2, 2015.
1980s owing to frequent shortages of irrigation water. With several advantages including reducing ineffective tillers, removing toxic substances and economizing water resource, Ref. [9] midseason drainage has gradually replaced continuous flooding (CF) during the 20-year period from 1980 to 2000. Ref. [10] - [13] . Studies have shown 10%-80% reduction of rice-season CH 4 emission could be achieved with the conversion to MSD. Ref. [14] , [15] . Meanwhile, MSD tends to stimulate N 2 O emission due to less anaerobic conditions. To quantify the impacts of water management change in paddy fields on the overall greenhouse emission, Ref. [16] the net global warming potential is introduced to account for different various effects of three gases using the CO 2 -equivalent flux method. In addition, shifting water management from continuous flooding to mid-season drainage alters rice yields and water use amount, which depends primarily on the intensity of drainage and the interval between the cycles of flooding-drainage-re-flooding. Ref. [17] Water productivity is significantly higher under MSD than under CF and MSD can reduce water use up to 15% without affecting yields. However, if this proportion increases, Ref. [18] , [19] contradictory results might be concluded on the responses of rice yields to drainage strategies due to less detailed water scheme records or environmental factors.
However, field observations of GHG emission and yields can be challenging to conduct in various paddy fields across a large region, thus to what degree GHG effects could be reduced under this water scheme change remains unclear. Meanwhile, despite with benefits of GHG emission mitigation, the impacts of intermittent drainage water strategies on rice yields are still controversial, which is essential to food security in China. Consequently, a quantitative relationship or model describing underling mechanisms of interactions among water regimes, GHG emissions and rice yields are needed. Here, we introduced a biogeochemical model Decomposition and Denitrification (DNDC) with a county-level GIS database of climate, soil, vegetation and management to achieve the following goals: 1) identify the impacts of various water regimes on national GHG emission; 2) evaluate impacts of various water regimes on national rice production in China.
II. METHOD

A. DNDC Model
DNDC (Denitrification-Decomposition) was originally developed for predicting agriculture carbon sequestration and trace gas emissions. Ref. [20] It is a process-based model, which integrates biochemistry and geochemistry reactions together to trace the carbon (C) and nitrogen (N) transport and transformation in the plant-soil system. The DNDC model consists of six sub-models, namely soil climate, plant growth, decomposition, nitrification, denitrification and fermentation, respectively (Fig. 1) . Ref. [21] DNDC predicts SOC dynamics mainly by quantifying the SOC input from crop littler incorporation and manure amendment as well as the SOC output through decomposition. DNDC simulates crop growth based on photosynthesis, respiration, water and N demand, C allocation, crop yield and litter production. Besides, DNDC has been embedded with various agriculture management practices, which is of significant importance for identification of optimal management practices. The structure of DNDC model
B. Sensitivity Test
It is essential to conduct sensitivity testing before model validation and calibration to identify the most sensitive parameters in terms of the greenhouse gas emissions and rice yields thus speed up model calibration and validation. The global warming potential (GWP) indicator is adopted to assess the greenhouse effects of various GHGs on various spatial and temporal scales. Based on this method, the greenhouse effects of CH 4 and N 2 O can be converted to a uniform indicator of CO 2 . For different time scales, the conversion coefficients are listed in Table I . The GWP for a specific temporal scale can be calculated as Equation (1), where t represents different temporal scale (i.e., 20, 100 and 500 years), GWP t CH 4 , GWP t N 2 O denotes the conversion coefficients in 
From Fig. 2 we can see that soil texture is the most sensitive parameter among all the environmental factors. In addition, GHG emission is sensitive to SOC and temperature as well. The changes in rainfall and soil pH have little effect on greenhouse gas emissions. Sensitivity of GWP to environment factors including temperature, precipitation, soil texture, SOC content and soil pH. The alternative climate/soil conditions, with asterisks, are baseline conditions. The soil texture 'lm', 'lms', 'clm', 'sl', 'cl' respectively stand for 'loam', 'loamy sand','clay loam', 'sand loam', 'clay'.
For rice yields, we can find from Fig. 3 that changes in natural conditions such as rainfall, temperature, soil texture, and SOC have no significant impacts on rice yields. It seems that rice yields are more related to crop parameters, such as the max grain yield or water demand and so forth. Therefore, the four crop parameters need to be calibrated as it is challenging to achieve those over a large region. Sensitivity of Grain-C to environment factors including temperature, precipitation, soil texture, SOC content and soil pH. The alternative climate/soil conditions, with asterisks, are baseline conditions. The soil texture 'lm', 'lms', 'clm', 'sl', 'cl' respectively stand for 'loam', 'loamy sand', 'clay loam', 'sand loam', 'clay'.
Therefore, soil texture and SOC are the most sensitive variables that could most effectively mitigate the greenhouse gas emissions in a typical paddy rice ecosystem, while for the grain yield, crop parameters may be more sensitive. includes climate, soil, crop and management. Meteorological data were acquired from the National Center for Atmospheric Research (http://dss.ucar.edu/index.html), which was procedured previously to match the requirement of DNDC. Management information including planting and harvest date, fertilization and manure were obtained through Statistical yearbooks. For crop parameters which are challenging to achieve aross large regions, an indirectly method was introduced: for crop maximum biomass and accumulated temperature given a specific region, a representative crop species, which adapted to the ambient surroundings, was assigned. Thus the crop growth information could be estimated through this representative species. For instance, the accumulated temperature can be achieved through the accumulation of average local temperature and crop growth days. Besides, due to the variations of regional meteorological condition, the crop growth period is acquired from Farming Database of China (http://zzys.agri.gov.cn/nongshi.aspx).
D. Model Calibration
In our study, the DNDC model has been tested against the observations of provicial yields and site-level GHG emission from three field sites in China: Wangcheng county, Beibei county and Sanjiang plain (Fig. 4 and Fig.  5 ). It can be seen from Fig. 4 that the results of simulated yield of each province during 2006-2010 fit the observations well and the R-square reached 0.73. From  Fig. 4 we can see that although discrepancies exist, DNDC can capture the patterns and magnitudes of CH 4 and N 2 O emission. Results indicate that DNDC is capable of evaluating impacts of water schemes on GHG emissions and rice yields. 
III. RESULTS AND DISCUSSION
A. CH 4 Emission Reduction
Shifting water management from continuous flooding to midseason drainage decreased CH 4 emission. Results indicate that the change in water management reduced CH 4 emission by roughly 29%, 38%, 45%, 47% and 46% from 2006 to 2010 respectively in China. The results were corroborated with relevant field experiments which demonstrated a 10%-80% reduction of crop-season CH 4 emission due to conversion to mid-season draining [18] , [22] - [24] . Besides, the impacts of water management conversion appeared significant spatial heterogeneity among different regions. The highest flux reduction (>1000 kg CH 4 -C ha-1 yr-1) were obtained in Hainan, Hubei, Guangxi, Fujian and Jiangxi provinces, with warm weather and multiple-cropping rice systems. The lowest flux reduction (<300 kg CH 4 -C ha-1 yr-1) happened in Tianjin, Heilongjiang, Liaoning, Gansu provinces, with cold weather and single cropping systems (Appendix A).
Methane emission reduction potential was also closely related to soil characteristics. Ref. [25] The high SOC contents, long crop season and high rice biomass enhanced CH 4 production in the cool paddies. Ref. [26] DNDC modeled CH 4 emissions from paddy soils tended to increase with high SOC content and pH as well as low soil clay fraction. The results agreed to this tendency and the reduction of methane emission was higher in Heilongjiang, Jilin and Liaoning provinces with higher SOC than the other Northern China provinces (Appendix A). Fig. 6 indicates inter-annual synoptic perturbations contributed to the inter-annual variations with the same soil, management and crop parameters in DNDC model. The highest flux reduction occurred in 2009 and 2010, when drought happened frequently in North and Southwest China, respectively. Given relatively less precipitation, paddy fields became less flooded, which would suppress CH 4 production due to more aerobic conditions. Therefore, CH 4 mitigation increased from 2008 to 2010 both in South and North China.
B. N 2 O Emission Increase
The simulated results of DNDC illustrated a nationwide N 2 O emission increase: 79%, 132%, 100%, 89% and 132% for from 2006 to 2010 respectively. Ref. [27] Theoretically, more aerobic environments and more SOC, higher clay fraction could stimulate N 2 O emission. Fig. 7 explained the impacts of SOC on the N 2 O emission change in 2010: The province-level distribution of N 2 O emission changes substantially kept in pace with SOC distribution in China. Discrepancy happened in Fujian and Guizhou provinces, Ref. [28] which might derive from the impacts of clay fraction that were more dominant than SOC to N 2 O emission. The increased emission of N 2 O offset a large fraction of the greenhouse gas radiative forcing benefits gained by the decrease in CH 4 emissions. Ref. [8] Maximum CH 4 reductions and minimum N 2 O increases were obtained when the mid-season draining was applied to rice paddies with warm weather, high soil clay content, and low soil organic matter content. The modeled results illustrated that Hubei, Guangdong, Hainan, Jiangxi and Inner Mongolia provinces were this kind of regions. When high SOC and high clay fraction synchronized in southern China, clay fraction would be a more dominant driven factor leading to high CH 4 reduction and low N 2 O increase than SOC content. Both site-level and region-level modeled results illustrated CH 4 and N 2 O emission were more subject to clay fraction than SOC content Fig. 8 shows that the responses of overall GHG emission to changing water management were not spatially uniform and differs with time horizon chosen. On a national scale, most northern provinces presented a GHG emission increase (Heilongjiang, Gansu, Henan, Jilin and Qinghai provinces) and most southern provinces (Jiangsu, Zhejiang, Hubei, Hunan, Guangdong, Sichuan and Yunnan provinces) appeared a GHG emission reduction when shifting water management from continuous flooding to midseason drainage (Appendix A). The Northern-Southern discrepancy was closely related to soil characteristics, climatic conditions and planting pattern.
C. Global Warming Potential (GWP) Change
The provincial CO 2 -equivalent emissions differed with the chosen time horizon. Theoretically, N 2 O had a much longer atmospheric adjustment time than CH 4 and CO 2 . The maximum GWP of N 2 O might occur between 100 and 500 and the maximum GWP of CH 4 might occur between 20 and 100. Therefore, the total net provincial CO 2 -equivalent emissions were determined by provincial greenhouse gases emission and time scale.
D. Yield Change
The simulated yields of DNDC present a nationwide reduction: 14%, 10%, 11%, 11% and 10% from 2006 to 2010 respectively and the results of 2010 are shown in Table II . Ref. [8] This was inconsistent with the conclusion that mid-season drainage reduced water use while increased crop yield. The possible reason for this discrepancy might be the variety of strength and intensity of mid-season drainage that would definitely influence rice yields and water consumption. It would be of significance to establish a thorough drainage strategy which comprehensively considered the relationship between yields, greenhouse gas emission and water resources given a specific environment condition.
IV. CONCLUSIONS
Shifting water management from continuous flooding to midseason drainage would reduce provincial CH 4 emission and increase provincial N 2 O emission. The overall GHG emission was suppressed under this change. The spatially uneven responses to water management change were in close relation with weather, soil, and planting pattern. Meanwhile, the strength and intensity of mid-season drainage would alter rice yields. It was concluded that a optimized county-level water scheme was need to take greenhouse gas emission and water resources into consideration on the premise of yield stability in paddy fields and DNDC would play an essential role to address these issues. 
